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Abstract
The effects of charge doping on the structural deformation and on the electronic structure of armchair single wall carbon nanotube
(SWNT) bundles are investigated through first-principles calculations. In particular, we select a (6, 6) SWNT as an example and
we calculate a mechanical deformation in the SWNT bundles as a function of gate voltage, which could serve as a basis of the
electromechanical actuators in an artificial muscle. We find that the magnitudes of the actuation responses such as strain and stress
of the (6, 6) SWNT bundle in the case of hole doping are substantially larger than those of electron doping. The (6, 6) SWNT bundle
also exhibits a low-symmetry and opens an energy band gap of about 0.41 eV around the charge neutral condition, which allows
a semiconductor-to-metal transition in the electron-doping regime when the relative shift of the Fermi energy goes up to 0.60 eV,
above which the Young modulus increases.
1. Introduction
An artificial muscle is a novel actuator made of a variety
of polymers or composites that change their shape when ex-
cited electrically. A composite of single wall carbon nanotubes
(SWNTs) is known to be one of the strongest and stiffest ma-
terials [1, 2, 3], and they can reversibly contract and expand in
volume under an applied voltage, similar to the natural muscle.
Almost two decades ago, Baughman et al. [4, 5] had built an
ultra-strong artificial muscle from bundles (or yarns) of SWNTs
with electrochemical charging, in which the artificial muscle
could generate force per unit area of about 26 MPa, which is
almost 100 times larger than that of natural muscle (≈ 0.35
MPa) [6]. Therefore, the charge-induced electromechanical
actuators of the SWNT bundles are not only fascinating from
the scientific point of view but are also promising for techno-
logical applications. Gartstein et al. [7] analytically showed
that the magnitude of the actuation response of semiconduct-
ing SWNTs could be substantially larger than that of graphite.
On the other hand, Yin et al. [8] showed by first-principles cal-
culation that carbon-carbon bond lengths of metallic SWNTs
are changed by charge doping level, which lead to the modifi-
cation of their electronic properties. While the artificial muscles
in experiments were made of SWNT bundles (whose electronic
structures show lower symmetry than those of the individual
SWNTs), the theoretical descriptions for both the electronic
structure and deformation under electromechanical charging so
far are only available for individual SWNTs [7, 8, 9, 10].
A nanotube bundle consists of tens or several hundred in-
dividual SWNTs arranged in a hexagonal lattice of tubes and
bound by the van der Waals force. A bundle containing many
nanotubes with only one chirality is especially interesting be-
cause of its expected uniform response as an artificial muscle.
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The chirality of a SWNT is defined by a set of integers (n,m)
which specifies the geometrical structure of a SWNT and hence
its physical properties [11]. With recent advances in the SWNT
fabrication technique, armchair (n, n) and zigzag (n, 0) SWNT
bundles can be selectively synthesized [12, 13]. Moreover, sep-
aration and purification of SWNTs into single chirality level
are now possible [14] and the alignment of SWNTs has also
been realized [15]. Thus the computational design of artificial
muscle will be important for obtaining the optimum artificial
muscle. Note that although the formation of individual SWNTs
into a bundle involves weak van der Waals interactions, their
electronic properties can change significantly. For example,
by a first principles calculation, Delaney et al. showed that a
lowering symmetry of the armchair SWNT bundles caused by
interactions between tubes induces a small energy band gap al-
though the isolated armchair SWNTs are metallic tubes [16],
which might affect the response of artificial muscle.
Among different SWNT structures, the armchair SWNTs are
interesting to be studied for artificial muscle applications be-
cause of the two following reasons. First, an appropriate se-
lection of the chirality of the (6, 6) armchair SWNTs could
match the hexagonal lattice of the bundle which saves the com-
putational time. Second, the armchair SWNTs are basically
known to be metallic and the effect of the bundle formation on
the SWNT electronic structure is more pronounced for metal-
lic SWNTs, compared with semiconducting ones. Combining
these two reasons, we could suggest the optimum structure for
the artificial muscles. Furthermore, due to the weak tube-tube
interactions, it is important to study the effects of electrochem-
ical doping or gate voltage on the symmetry and on the elec-
tronic properties of the armchair SWNT bundles. However,
many researchers often assumed in the their calculation that the
energy bands do not change by doping level and that only the
Fermi energy is shifted by doping, which is known as the rigid
band model [17, 18]. Even for isolated and individual SWNTs,
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it is expected that the rigid band model is not suitable to con-
sider the heavy doping of the metallic SWNTs [8], in which the
lattice constant is modified.
In this paper, by considering the changes in the energy bands,
we discuss the electromechanical properties of the armchair
SWNT bundles as a function of charge doping, for both elec-
tron and hole doping cases. By first-principles calculation, we
find two important physical phenomena in the doped armchair
SWNT bundles, one is the semiconductor-metal transition in
the armchair SWNT bundles as a result of heavy electron dop-
ing, and another one is a large change of strain by hole doping,
which is essential in the artificial muscle applications. We ex-
pect that the armchair SWNT bundles can be strained by the
doping due to the extremely high Young’s modulus of individ-
ual SWNTs formed into the bundles [4]. For individual SWNTs
and graphite, previous theoretical studies showed that an axial
strain of about 1% might be achieved for both heavy electron
and hole doping cases [19, 20]. Meanwhile, some previous ex-
periments with the SWNT bundles showed that the largest strain
is −1% when the negative potential is applied (hole-doped) and
that the strain is very small (∼ 0.02%) when the positive po-
tential is applied (electron-doped) [21, 22], whose origin is not
clear yet to our knowledge. In this work, we reproduce such an
asymmetric behavior of the strain through the calculations of
the strain, Young’s modulus, and stress of the armchair SWNT
bundles as a function of Fermi energy. We will show that the
lengths of C-C bonds parallel and perpendicular to the bundle
axis change differently for the hole doping and electron doping.
2. Calculation methods
To calculate the structural deformation variables (strain,
Young’s modulus, and stress) as a function of the Fermi en-
ergy, we define the relative shift of the Fermi energy, ∆EF, for
the charge (electron and hole) doping, which can be expressed
by
∆EF = EneutralF − EdopedF , (1)
where EneutralF and E
doped
F are the Fermi energy for a neutral and a
charge doping, respectively. The Fermi energy is defined by the
center of the energy gap for the semiconducting SWNT bundle
case. In the case of the metallic SWNT bundle, in which the
conduction and valence energy bands touch each other at the
Dirac point, the Fermi energy is defined as the highest energy
for occupied electrons. Note that equation (1) was already given
in some earlier studies [8, 9], discussing the Fermi level depen-
dence of optical transition energy and electronic properties in
the SWNTs.
In this work, we choose the chirality (n,m) = (6, 6) for a
model calculation, which has the highest symmetry in the bun-
dle, similar with that in the isolated SWNT. In Fig. 1(a) and
(b), we show the perspective view of a bundle of (6, 6) armchair
SWNTs in three-dimensional space and its hexagonal unit cell
including 24 carbon atoms, respectively. The periodic bound-
ary conditions are applied for three dimensions. The simulation
hexagonal unit cell dimensions are a = b = dt + di and c, where
c (in Å) is the length of the unit vector along the tube axis, dt
(a) (b)
x
y
z
c bR1
bA2
dt/2
bA1
bR2
dt + di
di
dt/2
a
b
60°
Figure 1: (a) Perspective view of the (6, 6) armchair SWNT bundle in three-
dimensional space. (b) Hexagonal unit cell of the (6, 6) armchair SWNT bundle
showing the lattice vector c along the tube axis, the diameter dt , the intertube
distance di, the C-C bonds perpendicular to the tube axis (bR1 and bR2), and
those parallel to the tube axis (bA1 and bA2). Note that the box in (b) is a
rhombus, thus the x-axis is not parallel to any edges of the box.
(in Å) is the diameter of the tube, and di (in Å) is the intertube
distance as shown in Fig. 1(b).
We calculate the electronic properties of the (6, 6) arm-
chair SWNT bundles from first-principles by using Quantum
ESPRESSO [23], which is a full density functional theory (DFT)
simulation package using a plane-wave basis set [24, 25].
The Rabe-Rappe-Kaxiras-Joannopoulos ultrasoft pseudopoten-
tial with an energy cutoff of 60 Ry is chosen for the expan-
sion of the plane waves [26]. The exchange-correlation en-
ergy is evaluated by the general-gradient approximation using
the Perdew-Burke-Ernzerhof (PBE) function [27, 28], which
is appropriate to model the interactions between the tubes in
the bundle. We use a second version of the nonlocal van der
Waals functional (vdW-DF2) [29]. Using vdW-DF2 is neces-
sary to correctly capture the van der Waals interaction between
the tubes in the bundle for obtaining the forces and the lattice
parameters [30], which are important parameters for calculat-
ing the mechanical properties and electronic structure. In our
simulation, the 8 × 8 × 24 k-point grids in the Brillouin-zone
are used following the Monkhorst-Pack scheme, where k is the
electron wave vector [31].
To obtain the SWNT bundle structure, the atomic posi-
tions and cell vectors are fully relaxed by using the Broyden-
Fretcher-Goldfarb-Shanno minimization method [32, 33, 34,
35]. This model is considered to be optimized when all the
Hellmann-Feynman forces and all components of the stress are
less than 5.0 × 10−4 Ry/a.u. and 5.0 × 10−2 GPa, respectively,
which are adequate for the present purpose. In Fig. 1(b), we
present scaled bond structures for the (6, 6) SWNTs in the bun-
dle without the charge doping, where bR1 = bR2 = 1.427 Å
and bA1 = bA2 = 1.428 Å represent the C-C bonds perpen-
dicular to and 30◦ from the tube axis, respectively. The tube
orientation in the present model corresponds to the AB stack-
ing in graphite [36]. It should be noted that in the case of (6, 6)
armchair SWNT bundle, the AB stacking configuration is more
stable than the AA stacking configuration [30, 36].
For the energy band calculations, we used 100 k points along
the z-direction. To discuss the electromechanical actuation of
the (6, 6) armchair SWNT bundle with the charge doping level
(∆Q), ranging from −0.9e to +2.0e per unit cell, the electron
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Figure 2: (a) Total energy per atom of the (6, 6) armchair SWNT bundle unit
cell plotted as a function of the lattice constant c. (b) Minimum total energy per
atom of the (6, 6) armchair SWNT bundle as a function of the charge (electron
and hole) doping, with ∆Q ranging from −0.9e to +2.0e per unit cell.
(hole) doping is simulated by adding (removing) electrons to
the SWNT bundle with the same amount of uniform positive
(negative) charge in the background so as to keep the charge
neutrality.
3. Results and discussion
3.1. Electronic structure of SWNT bundle
In Fig. 2(a), we show the total energy per atom of the (6, 6)
armchair SWNT bundle as a function of the lattice vector c
ranging from 2.42 to 2.52 Å. As shown in Fig. 2(a), the local
minimum total energy is observed at c = 2.469 Å in the neu-
tral case which corresponds to the diameter dt = 8.226 Å and
the intertube distance di = 3.258 Å which is consistent with
the previous reports [30, 36]. The scanning of the potential
energy surfaces as a function of lattice constant are calculated
for each charge (electron and hole) doping ∆Q. In Fig. 2(b),
we show the minimum total energy per atom of the (6, 6) arm-
chair SWNT bundle as a function of ∆Q ranging from −0.9e to
+2.0e per unit cell. Since we have 24 carbon atoms in the unit
cell, −0.1e (+0.1e) for electron (hole) doping corresponds to
the added (removed) 0.004167 electron per carbon atom. The
total energy monotonically decreases with increasing the hole
doping. A similar trend with sharper slope is also found for the
electron doping from 0.0e to −0.3e. However, the total energy
becomes constant with further increase in the electron doping
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Figure 3: (a) Energy band structure along high-symmetry directions of the neu-
tral (6, 6) armchair SWNT bundle. Inset shows the high-symmetry points and
lines in the corresponding Brillouin zone. (b) Energy band structure along Γ–X
and Γ–A directions of the isolated (6, 6) SWNT and the (6, 6) SWNT bundle,
respectively.
after a finite jump of total energy at ∆Q = −0.4e. This suggests
that the atomic structure of the bundle may be broken into indi-
vidual SWNTs, which will be discussed later through intertube
distance di calculations for heavy electron doping case.
Before discussing the optimized electronic structure of the
(6, 6) armchair SWNT bundle, it is worth mentioning the sym-
metry properties of individual armchair (n, n) SWNTs. The
symmetry of an (n, n) SWNT is expressed by the direct product
of the groups Dn ⊗ Ci, where Dn consists of a vertical n-fold
rotational axis Cn (parallel to the nanotube axis) and n hori-
zontal 2-fold axes C2 (perpendicular to the nanotube axis), and
Ci consists of the identity E and inversion σi operators [37].
Since the symmetry operations Dn ⊗ Ci are described by the
symmetry group Dnh or Dnd for even or odd n, respectively,
an isolated individual (6, 6) armchair SWNT with n = 6 has
the D6h symmetry. The structure of the bundle has a compa-
rably high-symmetry if the individual nanotube and the bundle
share all symmetry operations. Therefore, the (6, 6) armchair
SWNT bundle can have either the high-symmetry D6h or the
low-symmetry C6h (loss of mirror planes) corresponding to the
AA stacking or AB stacking in graphene, respectively [16, 30].
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(a) Electron Doping
En
er
gy
 (e
V)
Γ A(Γ) Γ A(Γ)
EF
Γ A(Γ) Γ A(Γ) Γ
∆Q (e) -0.10Neutral -0.20 -0.30 -0.40 -0.50 -0.60 -0.80
∆EF (eV) 0.130.00 0.30 0.55 0.60 0.71 0.78 0.80
Dirac
point
(b) Hole Doping
En
er
gy
 (e
V)
Γ A(Γ)
∆Q (e) +0.20
Γ
Neutral +0.40
A(Γ)
EF
+0.60 +0.80 +1.20 +1.60
Γ A(Γ) Γ A(Γ) Γ
+2.00
∆EF (eV) -0.200.00 -0.35 -0.46 -0.57 -0.74 -0.87 -0.96
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Figure 4: Energy band structures of the (6, 6) armchair SWNT bundle with different (a) electron doping and (b) hole doping levels including those of the neutral
(6, 6) armchair SWNT bundle for comparison. The Fermi energy (straight dashed line) is set to zero for all plots. Dashed arrows are a guide for eyes to see the
evolution of the Dirac point.
Since the AB stacking configuration is more stable than the
AA stacking configuration [30, 36], we hereafter consider only
the structure of the (6, 6) armchair SWNT bundle with the AB
stacking configuration with C6h symmetry.
Figure 3(a) displays the energy band structure along the high-
symmetry directions of the neutral (6, 6) armchair SWNT bun-
dle. The inset shows the symmetry points and lines in the corre-
sponding Brillouin zone of the bundle. The lowering of symme-
try from D6h to C6h leads to a band-gap opening in the bundle
of armchair tubes [30, 16, 38]. As shown in Fig. 3(a), an energy
band gap Eg ≈ 0.41 eV opens up along the Γ − A direction as
a result of the low-symmetry C6h in the (6, 6) armchair SWNT
bundle with the AB stacking configuration. This result repro-
duces a previous theoretical report of Ref. [30]. In Fig. 3(b), we
compare the energy band structure an isolated (6, 6) armchair
SWNT with that of a neutral (6, 6) armchair SWNT bundle con-
sidered in this work. Since the isolated (6, 6) armchair SWNT
has the high-symmetry D6h, it shows a metallic behavior with-
out the energy band gap. We note that the metal-like behavior
is expected for the high-symmetry with AA-stacked configu-
ration of the bundle [30, 38]. As we can see from Fig. 3(b),
the valence and the conduction bands of the neutral (6, 6) arm-
chair SWNT bundle are shifted upward and are more asymmet-
ric compared with those of the isolated (6, 6) armchair SWNT.
The asymmetric distribution of the conduction and the valence
bands originates from not only the effect of the overlap matrix
element and the curvature-induced σ−pi hybridization [39], but
also from the effect of the van der Waals interaction between
the tubes in the bundle [30].
To study the variation of the electronic properties of the (6, 6)
armchair SWNT bundle with ∆Q, we have calculated the en-
ergy band structures of the (6, 6) armchair SWNT bundle for all
electron (hole) doping levels considered in the present work.
Figures 4(a) and (b) show the energy band structures of the
(6, 6) armchair SWNT bundle under the electron and hole dop-
ing, respectively. As shown in Fig. 4(a), for the electron dop-
ing, the energy bands shift downward compared with the energy
bands in the neutral case. The downward-shift gives ∆EF > 0.
Since the downward-shift of the conduction bands is larger than
that of the valence bands with decreasing ∆Q, the energy gap
Eg decreases and eventually becomes a Dirac energy point at
∆Q = −0.40e. Thus, the (6, 6) armchair SWNT bundle be-
comes metallic at the electron doping at at ∆Q = −0.40e. For
further electron doping, the Dirac point slightly moves down-
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Figure 5: ∆EF as a function of ∆Q for charge (electron and hole) doping.
ward to a lower energy position. In the case of hole doping, the
energy bands of the (6, 6) armchair SWNT bundle shift upward
by increasing ∆Q, as shown in Fig. 4(b), resulting in ∆EF < 0.
The upward-shifts of the valence bands are smaller than those
of the conduction bands with increasing ∆Q, which makes an
increase of Eg for the hole doping. For heavy electron (hole)
doping, the second conduction (valence) subband touches the
Fermi energy which might change the transport properties of
the SWNT bundle. We note that the asymmetric distribution of
the conduction and the valence bands relative to the energy gap
increases for both electron and hole doping cases.
As mentioned in the introduction, the rigid band model was
commonly considered to investigate the effect of charge dop-
ing on the electronic structure of individual SWNTs or SWNT
bundles [40, 41, 42]. In this model, the effective masses and
band gaps are fixed, while the Fermi levels are shifted by charge
doping. The applicability of the rigid band model was justified,
for instance, in alkali- or nitrogen-doped SWNTs [41] and in
the calculation of thermoelectric power of the semiconducting
SWNTs [42]. However, in the case of heavy doping to obtain
a high actuation, in which the Fermi energy can be changed up
to 1 eV, the rigid band model is no longer suitable because the
energy structure changes significantly. Therefore, in this work,
we did not use the rigid band model, but utilized the altered
band structures as they were obtained from the first-principles
calculations.
In Fig. 5, we show ∆EF as a function of ∆Q based on Eq. (1).
In the neutral case, ∆EF = 0 from the definition in Eq. (1),
while for the electron (hole) doping, ∆EF monotonically de-
creases with increasing ∆Q. As we can see from Fig. 5, the
change of ∆EF with electron doping is larger than that with
hole doping because of an asymmetry of energy bands (see
in Fig. 4). For the heavy electron (hole) doping, the higher
energy valence bands around the Γ point show smaller down-
ward (upward)-shift, resulting in a smaller increase (decrease)
of ∆EF. In the electron (hole) doping, ∆Q of −1.0e (+2.0e)
per unit cell corresponds to the addition of 0.04167 (removal of
0.08334) electron per carbon atom, which is appropriate for our
calculation because the limit of the experimentally accessible
charge is from about −0.3 to +0.1 electron per carbon atom for
graphite [20]. In Fig. 6, we plot the energy gap Eg of the (6, 6)
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Figure 6: Energy band gaps of the (6, 6) armchair SWNT bundle as a function of
∆EF. The apricot and light blue shadings indicate the regime in which the (6, 6)
armchair SWNT bundle has semiconducting and metallic states, respectively.
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Figure 7: C-C bond lengths bA1, bA2, bR1, and bR2 as a function of ∆EF. Insert
shows the intertube distance di as a function of ∆EF.
armchair SWNT bundle as a function of ∆EF. In the neutral
case, the (6, 6) armchair SWNT bundle is semiconducting with
Eg = 0.41 eV. For the electron (hole) doping, Eg decrease (in-
crease) with increasing (decreasing) ∆EF. This result suggests
that the energy band gap of the (6, 6) armchair SWNT bundle is
tunable by changing the Fermi energy, which can be achieved
experimentally by electrochemical doping or by applying a gate
voltage. As shown in Fig. 6, a semiconductor-metal transition
occurs in the (6, 6) SWNT bundle when ∆EF is adjusted up to
0.60 eV. The reason for this transition will be discussed below
in terms of the C-C bond length, which is also related with the
symmetry properties of the (6, 6) armchair SWNT bundle as a
function of ∆EF.
3.2. Mechanical deformation
In Fig. 7, we plot the C-C bond lengths of bA1, bA2, bR1, and
bR2 [defined in Fig. 1(b)] as a function of ∆EF. The inset shows
the intertube distance di as a function of ∆EF. The (6, 6) arm-
chair SWNT bundle has the C6h symmetry, thereby we consider
all different bond length variables (bA1, bA2, bR1 and bR2) in
one sixth of the bundle (totally 24 C-C bond lengths). In the
neutral case at ∆EF = 0, we have bA1 = bA2 = 1.428 Å and
bR1 = bR2 = 1.427 Å which are larger than the bond lengths
of the isolated (6, 6) armchair SWNT (bA1 = bA2 = 1.425 Å
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Figure 8: Strain of length (εc) and strain of diameter (εdt) plotted as function
of ∆EF. Inset gives the strain versus the charge doping.
and bR1 = bR2 = 1.424 Å). It has been reported that in the iso-
lated armchair tubes, the bonds parallel to the tube axis bA are
longer than those perpendicular to the tube axis bR due to the
curvature effect of the tubes [3, 43]. For the electron doping,
bA1, bA2, bR1 and bR2 increase by increasing ∆EF up to 0.60
eV. The difference between bond lengths are not significant for
∆EF > 0. As we can see from the inset of Fig. 7, since the
intertube distance suddenly increases at ∆EF = 0.60 eV under
the heavy electron doping, making a failure of the structure of
the bundle with the absence of the van der Waals interaction. In
fact, the structure of the electron-doped (6, 6) armchair SWNT
bundle for ∆EF ≥ 0.60 eV has higher symmetry (D6h) than that
of the neutral one (C6h), which leads to decrease of Eg under
the electron doping (see in Fig. 6).
In order to study the variation of the structural deformation
as a function of Fermi energy, we define the strain as
εx = ∆x/x0, (2)
where x0 is either the length c or diameter dt of the SWNT in
the unit cell of bundle at geometry optimization for neutral case,
as shown in Fig. 1(b), and ∆x is the increment of the length ∆c
or diameter ∆dt under the charge doping level. In Fig. 8 we
plot the strain of length εc and diameter εdt of the (6, 6) arm-
chair SWNT bundle as function of ∆EF. In the neutral case, we
obtain εc = εdt = 0, while for the electron (hole) doping, εc
and εdt increase (decrease) with increasing (decreasing) ∆EF.
In the doped SWNT bundles, the increase of εc and εdt with the
electron doping is smaller than the decrease of εc and εdt with
the hole doping. As shown in the inset of Fig. 8, εc and εdt are
approximately a linear function of ∆Q but are nonlinear with
respect to ∆EF. At hole doping ∆Q = +2.0e (removed ∼ 0.08
electron per carbon atom), εc ∼ −1% is larger than that of indi-
vidual (6, 6) SWNTs (εc ∼ −0.7% at ∆Q = +2.0e) [20]. It is
important to note that the strain of the SWNT bundle in Fig. 8
shows an asymmetric behavior with respect to the doping level,
indicated by a higher (smaller) strain under heavy hole (elec-
tron) doping. On the other hand, the strain of the individual
SWNT exhibits a symmetric shape with nearly the same strain
under both electron and hole dopings [8, 20]. Recently, the
influence of the gate voltage on the structural deformation in
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Figure 9: Young’s modulus (E) and stress (σ) as function of ∆EF.
both multiwall carbon nanotube (MWNT) bundles (or yarns)
and SWNT bundles have been studied experimentally by using
electrochemical doping [22, 21, 4, 44]. In these experiments,
the largest strain obtained is nearly −1% with the applied poten-
tial of about −1V (hole-doped), while the strain is quite small
with the applied potential of about +1V (electron-doped) [22].
This asymmetrical behavior of the actuation strain is in good
agreement with our present calculation. It should be noted that
the strain range of natural muscles is very high (up to 20% [6])
compared with that of SWNT bundles (∼1%). Therefore, a pos-
sible approach to obtain carbon nanotube bundle actuators is by
fabricating bundle networks from a forest of multi-walled car-
bon nanotubes, which could yield strain as high as 220% and
strain rate of about 3.7 × 104% per second [45].
Finally, to study the Young modulus as a function of Fermi
energy, the SWNT bundle is initially relaxed to its minimum
total energy with the lattice vector c along the axis for each ∆Q
[see again Fig. 2(a)]. We then apply a series of small tensile
strains (±0.2%,±0.5%,±0.9%,±1.4%,±2%) on the unit cell
and simultaneously relax the other stress components to zero
(Poisson’s ratio contraction under uniaxial tension). Since the
system stays in the harmonic regime with the small strains, total
energy values can be fitted to a polynomial of strain. Then, we
obtain the Young modulus E from the strain derivatives of the
polynomial for each charge doping level, which is defined by
E =
1
V0
∂2U(ε)
∂ε2
∣∣∣∣∣∣
ε=0
, (3)
with
U(ε) = U0 +
∂U(ε)
∂ε
ε +
1
2
∂U2(ε)
∂ε2
ε2 + . . . , (4)
where U(ε), U0, V0, and ε are the strain energy, the total energy
at equilibrium, the volume at equilibrium, and the tensile strain
for each ∆Q, respectively. To obtain V0, we use the constant
thickness of a SWNT (d0 = 3.4 Å) in the bundle [3, 46], in
which d0 is assumed to be independent of the small strain and
∆Q. It is important to know how much force per cross-sectional
area (also known as stress) is generated by the charge doping
level. For small strain, the axial stress can be described as σ =
εcE, where εc is the axial strain as a function of ∆EF [see in
Fig. 8] and E is the Young modulus [Eq. 3].
6
Figure 9 displays the Young modulus E and the axial stress
σ as a function of ∆EF. In the neutral case, the strength of
the (6, 6) SWNT bundle (E = 897 GPa) is weaker than that of
the isolated (6, 6) SWNT (E = 978 GPa [3]) because the bond
lengths of the bundle are only changed a little under the van
der Waals forces between the tubes in the bundle, as shown in
Fig. 7. For the electron doping case, E decreases with increas-
ing ∆EF up to 0.60 eV. Since the structure of the bundle is bro-
ken for heavy electron doping, the strength of the (6, 6) SWNT
bundle is comparable to that of the isolated (6, 6) SWNT with
∆EF ≥ 0.60 eV. For the hole doping case, E increases with de-
creasing ∆EF because the bundle is in a state of compression.
Large strain and large Young’s modulus lead to large stress,
σ ≈ −9 GPa (26000 times the natural muscle), that is gener-
ated by heavy doping level at ∆EF ≈ −1 eV. For heavy electron
doping, we obtain σ ≈ 3 GPa, weaker than in the case of hole
doping. Our results suggest that the hole doping should be good
for the artificial muscle application of the SWNT bundle.
4. Conclusions
We have performed a first principles theoretical study on the
structural deformation and on the electronic structure as a func-
tion of the Fermi energy for armchair SWNT bundles. The re-
sults obtained reveal that the (6, 6) armchair SWNT bundle is
semiconducting with energy band gap of about 0.41 eV around
the charge neutral condition due to their low-symmetry. The
electronic properties of a (6, 6) armchair SWNT bundle strongly
depend on the Fermi energy. The Fermi-energy-dependent elec-
tronic properties give a semiconductor-metal transition in the
bundle as a result of heavy electron doping when the relative
shift of the Fermi energy is adjusted up to 0.60 eV. Moreover,
the lengths of the C-C bonds parallel and perpendicular to the
bundle axis also depend on the Fermi energy, resulting in the
observed asymmetry of the strain-Fermi energy curves. For
heavy hole doping, the strains of length and diameter can be
achieved up to 1% and 2%, respectively, while the structure of
the bundle is broken for heavy electron doping. Because of
large strain and large Young’s modulus, the stress generated by
heavy hole doping is larger than that by heavy electron doping.
This study gives a theoretical support for the actuation response
of the carbon nanotube bundles that are tunable by the charge
doping level.
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